The JB6 mouse epidermal cell system, which includes tumor promotion-sensitive (P ؉ ) and tumor promotion-resistant (P ؊ ) cells, is a well-established and extensively used cell culture model for studying the mechanism of latestage tumor promotion. Tumor promoters, such as 12-Otetradecanoylphorbol 13-acetate (TPA) or epidermal growth factor (EGF), induce high levels of activator protein 1 (AP-1) activity and large, tumorigenic, anchorage-independent colonies in soft agar at a high frequency in JB6 P ؉ cells, but not in JB6 P ؊ cells. We report here a molecular explanation for the defect in the AP-1 activation and promotion-resistant phenotype of P
Chemical carcinogenesis is known to be a multistep process that includes initiation, promotion, and progression (1) (2) (3) (4) . The availability of the JB6 promotable mouse epidermal cell lines has allowed the extension of tumor promotion studies to an easily manipulated cell culture system (5-10). The promotionsensitive JB6 cells, originally derived from primary mouse epidermal cells, undergo a response analogous to second stage tumor promotion in mouse skin (5) and are extensively used as an in vitro model for studying the promotion of neoplastic transformation (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . This model system includes transformation-sensitive (P ϩ ) and transformation-resistant (P Ϫ ) cells. Exposure of JB6 P ϩ cells to tumor promoters, such as 12-Otetradecanoylphorbol 13-acetate (TPA) or to epidermal growth factor (EGF), irreversibly induces anchorageindependent phenotype and tumorigenicity (6) (7) (8) (9) (10) (11) (12) . In contrast, the P Ϫ cells are resistant to tumor promoter induction of anchorage-independence and tumorigenicity (5, 11) . The differences between P ϩ and P Ϫ cells and the mechanism of promotion resistance in P Ϫ cells have been the subjects of extensive study (5, 6, 12) . Of particular interest was the observation that a high level of activator protein 1 (AP-1) transactivating activity measured by reporter constructs was induced by TPA or EGF in P ϩ but not in P Ϫ cells (6) . AP-1 is a heterodimeric complex containing products of the jun and fos oncogene families (20) . The inquiry as to whether this AP-1 response is required for transformation and might therefore explain the differential sensitivity of P Ϫ and P ϩ cells led to our findings that retinoids and glucocorticoids as well as expression of dominant-negative Jun blocked both induced AP-1 and induced transformation (7) . Further evidence implicating AP-1 as required came from the observation that transcription factor-specific retinoids that transrepress AP-1 blocked TPAinduced cell transformation (21) . To address the question as to what was limiting the AP-1 response and cell transformation in P Ϫ cells, we examined the possibility that the concentration of one or more AP-1 proteins might be insufficient. However, overexpression of c-Jun, the only differentially expressed Jun or Fos family protein (19) , failed to restore the AP-1 activation response to the P Ϫ cells (15) . Knowing that Jun and Fos family proteins interact with mitogen-activated protein kinase (MAPK) family proteins in JB6 cells (14) and that phosphorylation of extracellular signal-regulated protein kinases (Erks) can activate AP-1 activity (22) provided a rationale for examining the possibility that proteins in the Erk family of MAPKs might be limiting. We demonstrate here that P Ϫ cells, which show reduced levels of Erk expression and activation, can be converted to promotion sensitive phenotype when wild-type Erk is overexpressed.
Generation of Stable Cotransfectants. JB6 P Ϫ cells (Cl 30.7b) were cultured in a 6-well plate until they reached 85-90% confluence. We used 2 g of AP-1 luciferase reporter plasmid and 0.3 g of CMV-neo vector with or without 12 g of wild-type Erk2 plasmid DNA and 15 l of LipofectAMINE reagent to transfect each well in the absence of serum. JB6 P ϩ cells (Cl 41) were transfected with 2 g of AP-1 luciferase reporter plasmid and 0.3 g of CMV-neo plasmid DNA. After 10-12 hr, the medium was replaced by 5% FBS MEM. Approximately 30-36 hr after the beginning of the transfection, the cells were digested with 0.033% trypsin, and cell suspensions were plated into 100-mm dishes and cultured for 24-28 days with G418 selection (300 g͞ml). Stable transfectants were screened by assay of the luciferase activity and PhosphoPlus MAPK antibody kit. Stably transfected 30.7b AP-1 mass3, 30.7b AP-1 mass4, 30.7b MAPK-WT mass2, and C141 AP-1 mass1 were established and cultured in G418-free MEM for at least two passages before each experiment. Clonal transfectants were also established by limited dilution method.
Assay for AP-1 Activity. Confluent monolayers of JB6 P ϩ or P Ϫ cell stable transfectants were trypsinized and 8 ϫ 10 3 viable cells suspended in 100 l 5% FBS MEM were added into each well of a 96-well plate. Plates were incubated at 37°C in a humidified atmosphere of 5% CO 2 ͞95% gas air. Twelve to 24 hr later, cells were starved by culturing cells in 0.1% FBS MEM for 12 hr before exposure to TPA or EGF. The cells were exposed to EGF or TPA as indicated for 24 hr in 37°C, 5% CO 2 incubation. The cells were extracted with lysis buffer, and luciferase activity was measured by using a luminometer (monolight 2010). The results are expressed as the relative AP-1 activity or relative luciferase units (RLU) (21, 24) . The relative AP-1 activity was presented as the luciferase activity relative to the medium control cells.
Anchorage-Independent Transformation Assay. Cells (1 ϫ 10 4 ) in a 60-mm dish were exposed to TPA or EGF in 1 ml of 0.33% BME agar containing 10% FBS over 3.5 ml of 0.5% BME agar containing 10% FBS medium. The cultures were maintained in 37°C, 5% CO 2 incubator for 14-16 days, and the induced cell colonies were scored by the methods described (11) .
MAPK Analysis. Erk activation was determine by immunoblotting with phospho-specific antibodies. Cell extracts were analyzed for Erk1 and -2 with antibodies against Erk1 and Erk2 (p44 and P42) and for phosphorylated Erk1 and 2 with phospho-specific antibodies against phosphorylated tyrosine 204 of p44 and p42 MAPKs (25, 26) . Antibodies were from the PhosphoPlus MAPK antibody kit (New England Biolabs) and were used according to manufacturer's recommendations. Antibody bound proteins were detected by chemiluminescence (ECL; Amersham). TPA-and EGF-induced AP-1 activation in JB6 P ϩ cells but not P Ϫ cells. A total of 8 ϫ 10 3 of JB6 P ϩ , C1 41 AP-1 mass1 or P Ϫ , Cl 30.7b AP-1 mass3 suspended in 5% FBS MEM was seeded into each well of 96-well plates. After overnight culture at 37°C, the cells were starved for 24 hr by changing medium with 0.1% FBS MEM. Then, (A) the cells were treated with TPA (10 ng͞ml) or EGF (10 ng͞ml) for 24 hr before assaying for luciferase activity; (B) for dose response study, the cells were treated with the indicated dose of TPA or EGF and incubated for 24 hr, then luciferase activity was determined; and (C) for the time course study, the cells were exposed to TPA (10 ng͞ml) or EGF (10 ng͞ml). The luciferase activity was measured at time points as indicated. The results were expressed as relative AP-1 activity. The relative AP-1 activity was presented as the luciferase activity relative to the medium control. generated by ''mass selection'' of pooled clones. After transfecting cells with plasmids in 100-mm dishes and selecting by G418 (300 g͞ml), more than 10 colonies per dish were grown. Instead of ring cloning of these cells (21) , all of these colonies in the dish were grown as a ''mass stable culture.'' To be sure that the original tumor promoter sensitivity in the reporter gene transfectants was not altered by the process of gene transfection, the transformation response to TPA and EGF was measured by using anchorage-independent transformation in soft agar. The JB6 P ϩ cell transfectant, Cl 41 AP-1 mass1 and P Ϫ cell transfectant, Cl 30.7b AP-1 mass3, showed the same characteristic transformation response to TPA and EGF as seen with their corresponding parental P ϩ Cl 41 or P Ϫ Cl 30.7b (data not shown). TPA and EGF induced high levels of AP-1 activation in C1 41 AP-1 mass1 at all the time points and doses studied (Fig. 1) , but no significant AP-1 transactivation by TPA or EGF was observed in Cl 30.7b AP-1 mass3 (Fig. 1 A) . These results were further confirmed by dose response observation (Fig. 1B) . During the time course study, only a low level (1.6-fold) of AP-1 activation was observed at 6 hr in the Cl 30.7b AP-1 mass3 cells that were exposed to TPA (Fig. 1C) . These data are consistent with previous findings of Bernstein and Colburn (6) in a transient transfection study.
RESULTS

Establishment of P
AP-1 Nonresponsiveness in JB6 P ؊ Cells Is Accompanied by Low Levels of MAP Kinase. Previous studies showed that neither protein kinase C (PKC) (27) nor c-Jun (15) was the factor limiting the AP-1 response in P Ϫ cells. For these reasons and because others have demonstrated a requirement for Erk1 and -2 in AP-1 transactivation (22), we hypothesized that the lack of AP-1 transactivation response in P Ϫ cells may be caused by a low level of functioning Erks. To test this hypothesis, we analyzed the Erk1 and Erk2 proteins and their TPA-or EGF-induced phosphorylated (activated) forms in P ϩ Cl 41 and P Ϫ Cl 30.7b cells. Because PKC␣ is invariant in JB6 variants with or without tumor promoter (28), we used it as control for the loaded sample protein. The results showed that the levels of Erk1 and Erk2 proteins and TPA-or EGFinduced phosphorylated Erk1 and Erk2 proteins in the P Ϫ cells were much lower than those in P ϩ cells (Fig. 2) . Sequence analysis of a 193-bp fragment (bases 507-699) of the mRNA coding sequence generated by reverse transcription-PCR of RNA from JB6 Cl 30.7b and cloned into a TA cloning vector indicated that the conserved phosphorylation domain of Erk2 to which the phospho-specific antibody was raised had not been mutated. Thus, the deficiency in activated (phosphorylated) Erk levels in Cl 30.7b cannot be attributed to a lack of antibody recognition of this domain. Similarly, because this unmutated domain is a suitable substrate for phosphorylation, the phosphorylation of Erk is not limiting. In fact, the low level of Erk proteins that are present in 30.7b appear to be phosphorylated efficiently (see Fig. 3B, 30.7b AP1 mass4) . Thus Erk protein, not its phosphorylation site, is deficient.
Expression of Wild-Type Erk Restores AP-1 Transactivation Response to P ؊ cells. To test whether the shortage of Erk1 and Erk2 in P Ϫ cells is responsible for the lack of AP-1 activation response to TPA or EGF, we cotransfected AP-1 luciferase reporter plasmid and CMV-neo vector with or without rat wild-type Erk2 into JB6 P Ϫ cells Cl 30.7b. After G418 selection, we established stable Cl 30.7b AP-1 mass4 and 30.7b AP-1 MAPK-WT mass2. High levels of introduced Erk2 protein were found in Cl 30.7b MAPK-WT mass2 as compared with these in 30.7b AP-1 mass4 (Fig. 3A) . After stimulation with TPA or EGF, the phosphorylated protein of Erk2 in 30.7b MAPK-WT mass2 was much higher than that in 30.7b mass4 (Fig. 3B) . However, the activation of Erk1 in 30.7b MAPK-WT mass2 was still lower than that in C1 41 AP-1 mass1 cells (Fig.  3B) . To determine whether tumor promoter-induced AP-1 activation response in P all time points and doses studied (Fig. 4) . The fold AP-1 induction by TPA or EGF in Cl 30.7b MAPK-WT mass2 was even higher than that in P ϩ cells (Fig. 4) . Restoration of AP-1 transactivation response was also observed in two independent clonal wild-type Erk2 transfectants (see Table 1 ). In contrast, in Cl 30.7b cells transiently overexpressing PKC␣ there was no significant gain of AP-1 transactivation. Fold induction by TPA in parental P Ϫ cells was 0.9-1.3, whereas fold induction in P Ϫ ͞PKC␣ transfectants was 1.0-to 1.1-fold. Thus, the rescue by Erk2 of AP-1 response is relatively specific. Introduction of Wild-Type Erk2 Converts P ؊ Cells to P ؉ Phenotype. Our previous results demonstrated that induced AP-1 activity is important and required for cell transformation (7). If AP-1 nonresponsiveness is the only factor limiting transformation response in the P Ϫ cells, then wild-type Erk expression should render the P Ϫ cells promotion-sensitive. Thus, we tested the P Ϫ ͞Erk2 transfectants for tumor promoter-induced transformation response in soft agar. The results indicate that a high frequency of cell transformation was observed in Cl 30.7b MAPK-WT mass2, whereas no significant anchorage-independent transformation was observed in the reporter only Cl 30.7b AP-1 mass4 (Fig. 5) . The overexpression of wild-type Erk2 gave rise to a significant frequency of Cl 30.7b cell transformation without added tumor promoter ( Fig.  5 ) and anchorage-independent colonies that were smaller than those induced by TPA or EGF. The transformation frequency induced by TPA or EGF in P Ϫ ͞Erk transfectants was higher than that in P ϩ reporter only cells (Fig. 5) , paralleling the elevated AP-1 transactivation induced by TPA or EGF in these Erk2 transfectants (Fig. 4) . Moreover, a gain of transformation response to TPA or EGF occurred in two independent clonal wild-type Erk2 transfectants (see Table 1 ). This restoration of AP-1 response occurred without transformation by Erk2 alone. In summary, expression of Erk2 in P Ϫ cells restores not only AP-1 response but also transformation response.
DISCUSSION
This report provides a molecular explanation for the defect in tumor promoter-induced AP-1 activation in promotionresistant JB6 cells. That is, the P Ϫ cells show insufficient levels and consequently insufficient amounts of activated forms, of the MAPKs (Erks) needed to activate AP-1. Protein analysis revealed low levels of Erks 1 and 2 in P Ϫ Cl 30.7b cells relative to those in the P ϩ cells. That Erk protein is limiting for AP-1 activation and cell transformation as suggested by the finding that overexpression of Erk2 restores the capacity to induce AP-1 activity and cell transformation in response to tumor promoters TPA and EGF. This rescue of AP-1 transactivation and cell transformation by expression of wild-type Erk2 was verified in multiple clonal Cl 30.7b͞Erk2 transfectants. The Erk rescue is relatively specific. Expressing another kinase, PKC␣, does not restore AP-1 transactivation. Elucidating the Erk-dependent events required for AP-1 transactivation will be important.
It should be noted that promotion-resistant JB6 cells are not generally unresponsive to tumor promoters. P Ϫ cells respond to TPA or EGF with activation of PKC and EGF receptor kinase, respectively (27, 29, 30) , with induction of immediate early gene transcription such as that of TPA-inducible sequences (31) and tissue inhibitor of metalloproteinases (32) . Thus, many of the molecular apparati needed to signal cellular responses initiated by PKC or EGF receptor kinase activation are intact. The molecular responses impaired in P Ϫ cells appear to be limited to those required for tumor promoterinduced transformation. What limits the Erk protein level in P Ϫ cells? Apparently one or more steps downstream or independent of PKC or EGF receptor kinase that indirectly or directly regulate Erk1 and -2 protein levels is deficient. The possibility that Erk was present at a high level but was mutationally inactivated and not recognized by antibody was excluded by sequence analysis of P Ϫ Erk in the conserved phosphorylation domain. Studies of the stability of the Erk protein and its mRNA should be informative. It is noteworthy that the phosphorylation of Erk, presumably by MAPK kinase (MEK) (33), appears not to be limiting in P Ϫ cells. MEK has been shown to be the only enzyme responsible for activating Erk1 and -2 by phosphorylation on Thr-183 and Tyr-185 (34, 35) . In addition to being activated by MEK, phospho-Erk is inactivated by a specific phosphatase, PAC1 (36) . It is unlikely that increased levels of PAC1 could contribute to the lack of phospho-Erk in P Ϫ cells. FIG. 5 . Overexpression of wild-type Erk2 converts the P Ϫ cell to P ϩ phenotype. A total of 1 ϫ 10 4 of C1 41 AP-1 mass1, Cl 30.7b AP-1 mass3 or Cl 30.7b MAPK-WT mass2 was or was not exposed to TPA (10 ng͞ml) or EGF (10 ng͞ml) in 1 ml of 0.33% BME agar containing 10% FBS laid over 3.5 ml of 0.5% BME agar containing 10% FBS in each well of a 60-mm-diameter dish. The cultures are maintained in a 37°C, 5% CO 2 incubator for 14-16 days, and the cell colonies were scored as described (11) . The results were presented as soft agar colonies per 10 4 cells. *Relative levels of Erk2 were determined by Western blot analysis by using Erk-specific antibody as described in Fig. 3 . Exposures of the x-ray film were scanned and quantitated on a Molecular Dynamics personal scanner. † AP-1 transactivation assay was as described. ‡ Anchorage-independent tranformation assays were as described in Fig. 5 . Two independent assays were done, and mean results are reported. AP-1 is a transcription factor comprised principally of Jun and Fos family heterodimers that binds to a consensus cis element found on the transcriptional promoters of a number of genes whose expression is induced by tumor promoters (20, 37, 38) . Evidence for the critical importance of AP-1 activity in transformation by tumor promoters or by oncogenes has been reported (6, 7, 19, 20, 21, 39, 40) . Our previous results demonstrated a requirement for AP-1 activation in tumor promoter-induced neoplastic transformation (7, 21, 24) . Recent findings with a mouse papilloma keratinocyte model have shown that dominant-negative Jun inhibits both AP-1 activation and progression as measured by matrigel invasion (41) . High constitutive levels of AP-1 activity appear to be important for maintenance of tumor phenotype in the JB6 transformed cell line RT101 (24) . In the current study, we found that restoring the TPA-or EGF-induced AP-1 activation by introduction of wild-type Erk2 into a P Ϫ cell also converts the P Ϫ cell to promotion-sensitive phenotype. This result suggests that the promotion-resistant phenotype in this P Ϫ cell line is caused by a shortage of Erks and supports the notion that Erk activity is required for tumor promoter-induced cell transformation. This result predicts that blocking Erk activity may be useful as a means of preventing carcinogenesis.
